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The activation process in a variety of deuterostome and protostome eggs is accompanied by cytosolic calcium transients
that usually take the form of either a single or multiple propagating waves. Here we report that the eggs of zebrafish (Danio
rerio) are no exception in that they generate a single activation wave that traverses the egg at a velocity of around 9 mm/s.
There appears, however, to be no difference between the calcium-mediated activation response of eggs with regard to the
presence or absence of sperm in the spawning medium. This leads us to suggest that these eggs are normally activated when
they come in contact with their spawning medium and are then subsequently fertilized. The aspermic wave is initiated at
the animal pole in the region of the micropyle, appears to propagate mainly through the yolk-free egg cortex, and then
terminates at the vegetal pole. As neither sperm nor external calcium is required for the initiation (or propagation) of the
activation wave, this suggests that an alternative wave trigger must be involved. © 1999 Academic PressKey Words: calcium; aequorin; zebrafish; activation; fertilization.
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yINTRODUCTION
It appears that all vertebrate, invertebrate, and perhaps
even some plant eggs are activated by the generation of
calcium transients in their cytoplasm (Roberts et al., 1994;
hen, 1995; Digonnet et al., 1997; Lawrence et al., 1997). In
ost cases, apart from a recent report on the marine worm
rechis caupo (Stephano and Gould, 1997), these transients
ake the form of propagating calcium waves (Galione et al.,
993; Jaffe, 1993), which appear to provide a significant
omponent of the activating stimulus required for these
ggs (Jaffe, 1985; Epel, 1990; Whitaker and Swann, 1993). It
s becoming clear, however, that although wave propaga-
ion is a common feature of activation, there are both subtle
nd significant differences in this response when comparing
ggs from different species. For example, in fish (Gilkey et
l., 1978; Yoshimoto et al., 1986), echinoderms (Steinhardt
t al., 1977; Stricker et al., 1992; Gillot and Whitaker,
993), and frogs (Busa and Nuccitelli, 1985; Kubota et al.,
1987), a single calcium wave is propagated across the
activating egg. In contrast, activation triggers a series of
repetitive calcium waves or oscillations in annelids (Eck-
berg and Miller, 1995; Stricker, 1996), ascidians (Speks-o
H
1 To whom correspondence should be addressed. Fax: (852) 2358
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168ijder et al., 1990; Albrieux et al., 1997), and mammals
Miyazaki et al., 1986, 1993; Kline and Kline, 1992; Swann,
994; Miyazaki, 1995), including humans (Homa and
wann, 1994; Tesarik and Testart, 1994).
With regard to the role of calcium in the activation of fish
ggs, most of our information derives from work on the
edaka, Oryzias latipes (Gilkey et al., 1978; Yoshimoto et
l., 1986; Iwamatsu et al., 1988). Teleost eggs, however,
isplay a remarkable variety of adaptations. We decided,
herefore, to examine the calcium-related activation/
ertilization response in the egg of the zebrafish (Danio
erio), as it has significant differences in morphology,
ctivation/fertilization strategy, and cortical granule (CG)
eaction compared to the medaka (Hart, 1990). Further-
ore, the resurgent interest in understanding zebrafish
mbryology as a model system for vertebrate development
Kimmel et al., 1995) made it a very appropriate candidate
or this comparative study.
Morphologically, mature zebrafish eggs differ signifi-
antly from those of medaka. While the latter possess a
entral yolk mass, separated from the peripheral cytoplasm
y a continuous yolk membrane (Gilkey et al., 1978),
ebrafish eggs possess many individual membrane-bound
olk globules that are homogeneously intermingled with
oplasm throughout the mature oocyte (Beams et al., 1985).
owever, although not structurally separated by a continu-
0012-1606/99 $30.00
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mic cortex some 15–20 mm thick where yolk globules are
excluded. This oocyte cortex contains a network of endo-
plasmic reticulum (ER), filamentous actin, and an array of
CGs (Hart, 1990). The CGs are arranged in multiple layers,
which is quite unlike the situation found in medaka, where
they form a single layer just beneath the plasma membrane
(Hart and Yu, 1980).
Histological studies have shown that ovulation and ovi-
position in zebrafish occur only when they mate; i.e., eggs
are not present in the ovarian lumen nor in the oviduct of
females even when they are kept together with males. This
indicates that the egg is normally retained within the
ovarian stroma except when the fish breed (Hisaoka and
Firlit, 1962). When mature zebrafish eggs are discharged
from the ovarian stroma and come in contact with the
spawning medium, they activate (Hart and Yu, 1980; Hart
and Fluck, 1995; Sakai et al., 1997). Even in the absence of
sperm, these activated eggs undergo a programmed series of
developmental steps. Initially there is an almost instanta-
neous reduction in egg size due to the contraction of the egg
surface (Roosen-Runge, 1938; Hart and Yu, 1980). This
results in an initial small separation of the chorion from the
plasma membrane. Within 30 s after the onset of activation,
the CG reaction is initiated and occurs more or less simul-
taneously over the entire surface of the egg. These parthe-
nogenetically activated eggs then proceed to elevate their
chorions and undergo normal ooplasmic segregation. After
several abortive cleavages, however, they fail to develop
further. If sperm are present in the spawning medium, an
identical series of steps is observed but cell division is
normal and development proceeds.
Medaka eggs on the other hand do not display such
activation on contact with their spawning medium, al-
though they do become “less fertilizable” the longer they
remain in the absence of sperm (Yamamoto, 1944, 1961).
On activation, either by sperm or via a parthenogenetic
means such as application of the ionophore A23187 (Gilkey
et al., 1978) or digitalin, for example (Yamamoto, 1961), a
wave of calcium-induced calcium release (CICR) sweeps
through the cytoplasm of the medaka egg at a velocity of
around 13 mm/s (Gilkey et al., 1978). This wave originates
at the site of either sperm entry or parthenogenetic stimu-
lation and is considered to represent Yamamoto’s invisible
“fertilization wave” (Yamamoto, 1944). The calcium wave
in medaka is followed some 17 s later by a wave of CG
fusion that results in the elevation of the chorion (Yoshi-
moto et al., 1986).
Thus, as the morphology, activation/fertilization strat-
egy, and CG reaction in zebrafish are clearly different than
those described in medaka, we wished to explore whether
the activation of zebrafish eggs involved the generation of a
typical fast calcium activation wave (Jaffe, 1993) and, if so,
to determine the relationship between this and the other
morphological steps in the activation process. g
Copyright © 1999 by Academic Press. All rightMATERIALS AND METHODS
Egg Collection
Zebrafish (D. rerio) were maintained on a 14-h light/10-h dark
cycle to stimulate spawning (Westerfield, 1994). Unactivated eggs
and sperm were squeezed directly from fish by methods modified
from Westerfield (1994). Unactivated eggs were collected using
50-ml micropipettes (Wiretrol; Drummond Scientific Co.) prewet-
ted with either coho salmon ovarian fluid (SOF; Corley-Smith et
al., 1996; SeaTech Bioproducts) or 0.5% bovine serum albumin
(BSA fraction V; Sigma) in Hank’s buffered saline (0.137 M NaCl,
5.4 mM KCl, 0.25 mM Na2HPO4, 1.3 mM CaCl2, 1.0 mM MgSO4,
4.2 mM NaHCO3) and placed in a custom-designed injection
chamber in either SOF or BSA solution (Fig. 1). Sperm were
collected using a 50-ml micropipette prewetted with sperm ex-
ender solution (10 mM Hepes, 80 mM KCl, 45 mM NaCl, 45 mM
2H3NaO2, 0.4 mM CaCl2, 0.2 mM MgCl2) and stored in sperm
xtender solution on ice until required.
Microinjection Procedures
As unactivated zebrafish eggs are difficult to microinject, during
both the penetration and the withdrawal of the micropipette, an
injection chamber was designed to overcome these problems. The
chamber consisted of a 12 3 10 3 1 mm Plexiglas block into which
oles of 800-mm diameter were cut. The holes were set approxi-
mately 1 mm away from the edge of the block, but were open to the
edge via a 200-mm-wide side slit that extended downward for the
entire depth of the hole. The block was mounted on a coverglass
FIG. 1. Schematic outline of our custom-designed egg injection
chamber.(22 3 22 mm; No.1) using a small amount of high-vacuum silicone
rease (Dow Corning Corp.) and then the coverglass itself was
s of reproduction in any form reserved.
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170 Lee, Webb, and Millerattached (also with silicone grease) underneath a hole cut in a
35-mm petri dish lid. Unactivated eggs were placed in the holes on
the Plexiglas block and microinjected through the side slit. The
design of the chamber prevented both excess rotation during
penetration of the micropipette and the egg from sticking to the tip
of the micropipette when it was withdrawn following injection (see
Fig. 1). Eggs were also activated and fertilized while held in these
chambers, which provided reasonable inverted viewing optics for
imaging. The injection chambers prevented full elevation of the egg
chorion, however, this did not have any effect on subsequent early
development (see Fig. 4L).
Microinjection of Aequorins
The microinjection pipettes and the pressure injection system
used for injecting unfertilized eggs are described in detail elsewhere
(Webb et al., 1997). All glassware and plasticware associated with
the aequorin injections were prewashed for several minutes with
100 mM EGTA. Micropipettes were front-filled and washed with
GTA prior to being filled with aequorin. Approximately 3.0 nl of
ecombinant f- or h-aequorin (1% in 100 mM KCl, 5 mM Mops, and
0 mM EDTA; Shimomura et al., 1990) was injected into the center
of unfertilized eggs. Following injection, eggs were transferred to
our photon imaging microscope (PIM; Science Wares) or a photo-
multiplier tube (PMT; H5920-01; Hamamatsu) for data acquisition.
The aequorin was allowed time to diffuse evenly throughout the
egg (a process that took approximately 20 min) before eggs were
activated. During this time a resting level of luminescence was
obtained for each experiment.
Egg Activation/Fertilization
In order to either activate eggs in the absence of sperm or to
activate and fertilize eggs in the presence of sperm, data acquisition
was briefly suspended, and the 0.5% BSA in Hank’s buffered saline,
or SOF, was removed from the injection well. In the case of
activation in the absence of sperm, 100 ml of 0.5% fructose in
egg-water (60 mg/ml “Instant Ocean” in deionized water) was added
o the well. In the case of activation followed by fertilization, 30 ml
of concentrated sperm suspension (in sperm extender solution) was
placed in the well. Allowing approximately 30 s for the sperm to
drop to the level of the egg, 100 ml of 0.5% fructose in egg-water
was then added to the injection chamber to activate the sperm.
Data acquisition was then immediately resumed.
Aequorin-Derived Data Acquisition and Review
Photon imaging. Aequorin-generated images were gathered us-
ing our custom-designed PIM. A simplified schematic outline of
this system is shown in Fig. 2A (for details see Webb et al., 1997).
Both bright-field and photon images were collected using either a
Zeiss Plan Neofluar 103/0.3 NA or 53/0.15 NA objectives. Our
system allows us to review aequorin-generated photon data with
any chosen integration periods and time steps. In addition, we can
correlate photon events with morphological features by superim-
posing the photon data on intermittently captured bright-field
images. The photon and corresponding bright-field images were
exported in. TIFF file format to Metamorph 3.0 (Universal Imaging)
for detailed quantitative data analysis and downloaded into Corel
Photo Paint 7 and Corel Draw 7 (Corel Corp.) for figure preparation
and presentation.Photon counting. Quantitative aequorin-generated data were
also acquired using our PMT system, which is outlined in Fig. 2B.
Copyright © 1999 by Academic Press. All rightThe system has been designed so as to place the aequorin-loaded
egg (within the injection/viewing chamber, see Fig. 1) as close to
the bialkali photocathode as possible. A 25-mm-diameter Uniblitz
VS electronic shutter is positioned directly above the photocathode
in order to protect it from ambient light during sample manipula-
tion. During data collection, the injection chamber is covered with
a concave reflective mirror to direct light onto the photocathode
surface. In addition, the whole system is mounted within a dark
box to block ambient light from the photocathode when it is
exposed to light from the sample. The output pulses from the PMT
are recorded by a computerized data acquisition system, called
PMT for Windows 95 (Science Wares), via an electronic interface
unit. This software stores the count rate values in a sequential file
and allows data acquisition parameters and text comments from an
experimental log to be recorded on a separate file. The program
provides real-time and postexperimental data displays as well as a
variety of analysis functions. PMT-generated data were down-
loaded into Microsoft Excel 97 for graph plotting.
Microinjection of Fluorescent Microspheres
Any rotational movements of eggs during the activation process
(i.e., once the plasma membrane and chorion separate) would
greatly increase the complexity of analyzing our imaging data.
Thus, experiments were carried out to check for egg rotation during
activation. Approximately 2.3 nl of a 0.1% suspension of Nile red
microspheres (2 mm; carboxylate-modified; dissolved in 150 mM
KCl, 5 mM Hepes, pH 7.0; Molecular Probes) was injected into the
periphery of eggs, approximately 50 mm below the plasma mem-
rane. Injected eggs were then transferred to a Bio-Rad MRC-600
aser scanning confocal imaging system equipped with a krypton/
rgon mixed gas laser, mounted on an upright microscope (Axios-
op; Zeiss). Both bright-field and fluorescent images were collected
sing a Zeiss Plan Neofluar 103/0.3 NA objective. The most
ppropriate optical plane containing the fluorescent microspheres
as located, and the eggs were then activated using 0.5% fructose
n egg-water (as described earlier). A confocal time-series (every
5 s) of microsphere-loaded eggs was then recorded.
We reviewed the corresponding fluorescent and bright-field
mages using Confocal Assistant 4.02 (downloaded from the Bio-
ad FTP server: ftp://ftp.genetics.biorad.com/public/confocal in
PIC file format) and Metamorph 3.0. Presentation files for figure
reparation were downloaded into Corel Photo Paint 7 and Corel
raw 7.
Calcium-Free Experiments
In a series of experiments, stringent precautions were taken to
ensure that calcium-free conditions were created and maintained
external to unactivated eggs, before and during the activation
process. Calcium-free 0.5% BSA in Hank’s buffered saline solution
was prepared in ultrapure deionized H2O by omitting CaCl2 and
dding 0.3 mM EGTA to chelate trace levels of contaminating
alcium arising from the other components. All glassware and
lasticware used in handling eggs were also prewashed for several
inutes with 100 mM EGTA solution. Unactivated eggs were
collected (as described above) in calcium-free 0.5% BSA in Hank’s
buffered saline.
Video Recording Egg Activation
Real-time video recordings of the activation process both in the
presence and in the absence of sperm were made using a CCD
s of reproduction in any form reserved.
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171A Single Calcium Wave Crosses Zebrafish Eggs on Activationcamera (TK-C1381; JVC) mounted on a stereomicroscope (Stemi
SV6; Zeiss), with images recorded on a VCR (AG-6750; Panasonic).
Images were then exported to Metamorph 3.0 for data analysis.
Three aspects of the activation process were analyzed both in the
presence and in the absence of sperm: the timing of activation
events (i.e., the onset of the cortical granule reaction, followed by
chorion elevation); the nature of the cortical granule reaction
during the activation process; and an estimation of size changes of
eggs following activation.
RESULTS
Calcium Wave Velocities
Figure 3 shows a representative example (n 5 4) of a
FIG. 2. Schematic outline of our (A) photon imaging microscop
ube-based photon counting system.alcium wave traversing a zebrafish egg following activa-
ion in the absence of sperm. For imaging purposes, this
Copyright © 1999 by Academic Press. All rightarticular egg was in a perfect side-on orientation, with the
nimal pole (AP) located at the left-hand side. This made
nalyzing the velocity of the wave easy using the “Line-
can” function in Metamorph 3.0. A plot of wavefronts at
hree separate times is illustrated in Fig. 5A, indicating a
ortical velocity along the AP to vegetal pole (VP) axis of
pproximately 9 mm/s. When comparing bright-field images
before and after activation (i.e., Figs. 3A and 3K, respec-
tively), the chorion was clearly elevated by the time the
calcium wave had traversed the egg. Eggs activated in this
manner segregated normally to form a blastodisc and then
attempted abortive cleavages. They did not, however, de-
velop any further.
Figure 4 illustrates a representative example (n 5 3) of
stem for details see Webb et al. (1997) and (B) photo-multipliera calcium wave in an egg activated in the presence of
sperm, which was then subsequently seen to have been
s of reproduction in any form reserved.
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173A Single Calcium Wave Crosses Zebrafish Eggs on Activationfertilized as it went on to divide and develop normally
(see Fig. 4L). In this example, the egg is not in a perfect
side-on orientation for imaging, as its AP is tilted slightly
to the right and beyond the focal plane of the image (see
the schematic in Fig. 5B). There is no clear morphological
indicator of the AP or VP in unfertilized zebrafish eggs.
Thus, the most reliable polarity marker is the eventual
location of the forming blastodisc, assuming that the egg
does not move or rotate during activation and early
segregation. Unfertilized eggs were therefore loaded into
FIG. 3. Representative sequence of images from an aequorin-loade
n the absence of sperm. A is a bright-field image of the unactivate
between the chorion and the egg plasma membrane, whereas K sh
(arrowhead) a raised chorion. Each photon image (B to J) represents
image. The schematic image (L) shows subsequent blastodisc (in w
propagation. The egg developed only as far as a few abortive cleava
bar is 200 mm.
FIG. 4. Representative sequence of images from an aequorin-loade
in the presence of sperm. A is a bright-field image of the unactivat
separation between the chorion and the egg plasma membrane, w
indicating (see arrowhead) a raised chorion. L shows the egg at th
FIG. 5. Analysis of the sequences of images shown in Figs. 3 and
Linescan function of Metamorph 3.0. Line lengths of 700 and 750
espectively. Each profile shows the relative intensity of photons co
aken from Figs. 3D, 3F, and 3H. Profiles generated in the presence
n the top corners of A and B show subsequent blastodisc (BD) for
roken profile lines in B indicate that only the left-hand side of th
ines indicate the half-heights used as an arbitrary indication of th
ssumes that the wave passes directly through the egg along the A
onverted to a cortical velocity, which assumes that the wave trave
quals approximately 1100 and 1178 mm for the 700- and 750-mm-
egetal poles, respectively.normally. The photon images (B to J) represent 60 s of accumulated ligh
blastodisc in L indicates the location of the AP. Color scale indicates l
Copyright © 1999 by Academic Press. All righthe injection chambers in a random orientation and as a
esult, we never imaged an egg activated and fertilized in
he presence of sperm in a perfect side-on orientation
uch as the egg illustrated in Fig. 3. The orientation of the
gg shown in Fig. 4 led us therefore to use only the
eft-hand side of the egg to generate the wave-front plots
ndicated in Fig. 5B (the right-hand side of the plots are
epresented by broken lines). This analysis once again
eveals a cortical wave velocity of around 9 mm/s. In both
Figs. 5A and 5B we used the half-height of the advancing
illustrating changes in intracellular free calcium during activation
g just prior to the initiation of the signal and shows no separation
the egg after the passage of the calcium wave, clearly indicating
of accumulated light, with a 20-s step separating each successive
) formation and thus the location of the animal pole during wave
Color scale indicates luminescent flux in photons per pixel. Scale
illustrating changes in intracellular free calcium during activation
g just prior to the initiation of the signal and once again shows no
s K shows the egg after the passage of the calcium wave, clearly
ell stage, indicating that it has been fertilized and is developing
files of the intensity of photon emission were measured using the
ere used, as these were the diameters of the eggs in Figs. 3 and 4,
ed for 60 s. Profiles for activation in the absence of sperm (A) were
erm (B) were taken from Figs. 4C, 4D, and 4E. Schematic diagrams
on and thus the location of the AP during wave propagation. The
t was used to calculate a wave velocity (see Results). The dashed
ition of the wave fronts at each time point. The Linescan analysis
P axis; thus we refer to this value as the axial velocity. These are
hemicircumference distance between the AP and the VP (i.e., this
eter eggs in A and B, respectively). AP and VP are the animal andd egg
d eg
ows
60 s
hite
ges.
d egg
ed eg
herea
e 4-c4. Pro
mm w
llect
of sp
mati
is plo
e pos
P to V
ls thet, with a 20-s step separating each successive image. The dividing
uminescent flux in photons per pixel. Scale bar is 200 mm.
s of reproduction in any form reserved.
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174 Lee, Webb, and Millerwave front in our calculation. Mean wave velocities for
all experiments are given in Table 1.
Where it was possible (for example, in eggs orientated as
shown in Fig. 3), we also compared the wave propagation
velocity in the animal and vegetal hemispheres under both
experimental conditions. The velocity of propagation was
consistently found to be higher in the animal hemisphere
compared to the vegetal—for example, in the case of the egg
shown in Fig. 3 they were calculated to be 10.2 and 6.3
mm/s, respectively. Whether activated in the presence or in
the absence of sperm, all waves were initiated from around
the AP, the site of the micropyle.
Durations, Rise Times, Profiles, and Peaks
of Calcium Transients
A comparison of the characteristics of activation in the
presence and in the absence of sperm is summarized in
Table 1. Figure 6 compares the profile, duration, and extent
of the aequorin-generated luminescence in two representa-
tive examples of eggs activated in the absence (Figs. 6A and
6C) or in the presence of sperm (Figs. 6B and 6D). We
consider differences in peak height not to be meaningful as
they result from experimental variation. These data were
collected using our PMT system (see Fig. 2B) and are
included in the data summary presented in Table 1 (eggs
activated in the absence of sperm, n 5 12; in the presence
of sperm, n 5 3). Like the wave propagation velocities
described in the previous section, the profiles of the egg
responses under the two activation conditions appear very
similar. The higher time resolution plots of the initiation of
the transients shown in Figs. 6C and 6D indicate that under
both conditions there is an initial period (of a few seconds)
where there is a slow increase in luminescent output. This
TABLE 1
Data Summary from the PIM and PMT Experiments
rom PIM experiments
Cortical Ca21 wave velocity
Wave initiation site
Cortical granule reaction
Chorion elevation
Ooplasmic segregation
Cleavage
Normal development
From PMT experiments
Duration of luminescence pulse
Rise time to luminescence peak
Ratio of Ca21 rise above resting level (u luminescence)
Note. Values represent mean 6 standard deviation.is followed by the main explosive rise, which again is very
similar under the two experimental conditions. To estimate
e
u
Copyright © 1999 by Academic Press. All rightthe ratio of the calcium rise above the resting level we
compared the level of luminescence at the peak of the
activation response with the resting level before activation
(Table 1). Figure 6C9 is modified from Fig. 3B to show just
the first 10 s of luminescence during the activation re-
sponse and illustrates that the initial slow luminescent
increase is localized to a region surrounding the micropyle
in the animal hemisphere cortex.
Wave Propagation Pathway
The VP view of a representative activation wave illus-
trated in Fig. 7 (n 5 4) indicates that the wave appears to
propagate mainly through the periphery of the egg in the
yolk-free cortex. It also suggests that the level of free Ca21
in the deep interior of the egg also seems to rise during the
propagation of the wave, but not to the same extent as in
the cortex.
Rotational Movements during Activation
Our data indicate that zebrafish eggs do not rotate once
the chorion has separated from the plasma membrane
during the activation process. Figure 8 (a representative
example, n 5 3) clearly indicates that fluorescent Nile red
microspheres injected into the periphery of an unactivated
egg maintain their general position throughout the activa-
tion process (i.e., for at least 5 min).
Activation in Calcium-Free Medium
When eggs were collected in calcium-free 0.5% BSA in
Hank’s saline, they activated within 5 min (n 5 30; data
ot shown). These experiments indicated two factors: that
Activation without sperm Activation with sperm
8.9 6 0.8 mm/s (n 5 4) 9.0 6 0.2 mm/s (n 5 3)
Animal pole Animal pole
Yes Yes
Yes Yes
Yes Yes
No Yes
No Yes
7.1 6 2.0 min (n 5 12) 7.4 6 1.2 min (n 5 3)
1.0 6 0.5 min (n 5 12) 0.7 6 0.1 min (n 5 3)
138.0 6 21.8-fold (n 5 3) 116.4 6 11.0-fold (n 5 3)xternal calcium was required to maintain the eggs in an
nactivated condition and that the calcium both initiating
s of reproduction in any form reserved.
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175A Single Calcium Wave Crosses Zebrafish Eggs on Activationand generating the activation signal can be provided en-
tirely from internal stores.
Video Analysis of Egg Activation
A close analysis of real-time video recordings using
Metamorph 3.0 indicated that when comparing activation
either in the absence or in the presence of sperm, there were
no significant qualitative or quantitative differences in the
activation events. In both cases the onset of the CG
reaction followed by chorion elevation occurred approxi-
mately 30 s after the addition of the activating medium. We
also confirmed the observation of Hart and Yu (1980) that
the CG reaction in zebrafish eggs occurs all over the surface
of the egg at approximately the same time; i.e., there is not
a distinct wave of CG fusion and exocytosis as displayed by
medaka eggs (Gilkey et al., 1978). This near-simultaneous
xocytosis was observed under both activation regimes
data not shown). Finally, changes in the diameter of eggs
nitiated by the activation process were the same (i.e., an
pproximate reduction in diameter of 15%) under both
ctivation conditions.
DISCUSSION
Activation Followed by Fertilization
We observed no striking differences between the calcium
waves generated by eggs activated by the spawning medium
in the absence of sperm and those subsequently shown (in
the presence of sperm) to be fertilized. This leads us to
suggest that sperm do not compete with the spawning
medium to activate zebrafish eggs, rather that normally the
eggs are first activated by the spawning medium and then
fertilized. Here we define activation to be the initiation of
an explosive rise in intracellular calcium that propagates
across the egg in a wave-like manner and which results in
the resumption of the dormant egg’s metabolism. Fertiliza-
tion is defined as the union of gametes followed by the
subsequent steps that lead to the restoration of the diploid
genome.
In the natural situation where a male and female fish
simultaneously discharge eggs and milt into the spawning
medium, their breeding behavior brings the gametes to-
gether in a matter of seconds. Indeed, in vitro studies have
reported zebrafish sperm to be attached to the microvilli of
the sperm entry site at the egg micropyle within 5 to 10 s
after insemination (Wolenski and Hart, 1987). Thus, al-
though we are making a distinction between activation and
fertilization, it is clear that these two events are normally
separated by perhaps only a few to tens of seconds. Once the
CG reaction is initiated and the chorion begins to rise, some
30 s after the first morphological signs of activation in
zebrafish (Hart and Yu, 1980), sperm are no longer able to
reach the plasma membrane through the micropyle and a
short but lethal program of parthenogenetic development is
initiated. In summary, we suggest that eggs are initially
h
p
Copyright © 1999 by Academic Press. All rightctivated by the spawning medium and there then follows a
estricted window of opportunity (probably less than
0 s—but perhaps only between 5 and 10 s) for sperm to
ertilize the egg. This strategy helps to ensure that only
perm from the successful male paired with the spawning
emale fertilizes her eggs. Presumably the behavioral-
ediated selection of breeding partners followed by this
ertilization strategy confers some selective advantage to
he zebrafish progeny.
This is, however, an activation/fertilization strategy
omewhat different than that described for medaka (Gilkey
t al., 1978; Yoshimoto et al., 1986; Iwamatsu et al., 1988).
Thus, as first suggested some 40 years ago by Rothschild
(1958), this study of a different teleost species is revealing
interesting variations that may help to further our under-
standing of fertilization in vertebrates.
Zebrafish do not represent an isolated case as a similar
strategy has been reported with regard to the activation of
eggs of other fish species such as goldfish (Carassius aura-
tus) and the pond smelt (Hypomesus olidus; Yamamoto,
1954). Furthermore, the marine shrimp Sicyonia ingentis
(Lindsay et al., 1992) and the prawn Palaemon serratus
(Goudeau and Goudeau, 1996) also display this strategy, and
in both cases it has been reported that the initiation of a
calcium activation wave once again does not require sperm.
Instead, these eggs are activated when they are exposed to
seawater Mg21 during spawning. In both cases, if eggs
remain unfertilized, they will still resume meiosis, form a
hatching envelope, and eventually (in the case of S. ingen-
tis) undergo abnormal cleavage (Pillai and Clark, 1987;
Goudeau et al., 1991). This maternally derived developmen-
tal program is very similar to that observed in zebrafish. It
has also been determined that for both crustacean species
external Ca21 is not required for the Mg21-induced activa-
tion wave. Once again, this is similar to zebrafish for which
we report that external calcium is likewise not required to
generate an activation wave. The presence of external
calcium is, however, required (in 0.5% BSA in Hank’s
buffered saline) to maintain eggs in an unactivated state for
any period of time.
Wave Initiation Point
In situations in which sperm are thought to normally
activate mature fish eggs, such as in the case of the medaka,
it is from the point of sperm contact (i.e., at the micropyle)
that the calcium wave (Gilkey et al., 1978), the wave of CG
xtrusion (Yoshimoto et al., 1986), and chorion elevation
Yamamoto, 1961) begin. In the case of activation in the
bsence of sperm in zebrafish, we report that the calcium
ave appears to be still initiated from the micropyle region
t the AP. This might be due to the fact that spawning
edium (and/or any activating factor in it) makes contact
ith the egg plasma membrane more rapidly via the micro-
yle than through the chorion (Hart, 1990). Furthermore, it
as been reported that in zebrafish there is a “tuft” of
lasma membrane-derived microvilli at the micropyle to
s of reproduction in any form reserved.
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This tuft might also serve to increase the surface area of the
plasma membrane coming in contact with the spawning
medium, resulting in an amplification of a triggering signal,
thus ensuring that the calcium wave is initiated from this
location. Another morphological feature that may favor
initiation of the calcium wave at the micropyle is the
presence of an extensive array of ER beneath the plasma
membrane at this location (Hart, 1990). It has been sug-
gested that the ER is the calcium store required both to
initiate and to propagate calcium activation waves (Jaffe,
1991).
Path of Wave Propagation through the Egg
In the medaka the calcium wave is propagated only
through the peripheral cytoplasm of the egg (Gilkey et al.,
1978). In this species, the interior of the egg is filled with a
single, large membrane-bound yolk compartment. In the
zebrafish, the morphology of yolk encapsulation is some-
what different due to the presence of many membrane-
bound yolk globules (Beams et al., 1985). These, however,
are excluded from the outermost 15 to 20 mm of the egg,
resulting in a functional yolk-free cortex (Hart, 1990). Our
aequorin-generated data suggest that in zebrafish the acti-
vation wave also propagates mainly through the cortex (see
Fig. 7) rather than through the whole egg. This suggestion is
supported by observations regarding egg morphology. In
addition to the array beneath the micropyle, the ER in the
zebrafish cortex forms an extended peripheral network and
has been reported to form intimate contacts between both
the plasma membrane and the membranes of the CGs
(Beams and Kessel, 1973). Thus, the egg cortex possesses the
structural element (i.e., an ER Ca21 store) suggested neces-
sary to propagate a CICR wave (Jaffe, 1991). On the other
hand, it is not clear whether such a wave-propagating
network of ER extends through the deep interior of the
FIG. 6. Representative profiles of luminescence from aequorin-loa
and D) of sperm. These data were gathered using our PMT system
the entire activation process. C and D show luminescent output
(around 3–5 s) of lower level emission prior to the explosive rise. R
of either 0.5% fructose in egg-water (A) or 0.5% fructose in egg-w
illustrates the first 10 s of the activation response of the egg shown
the micropyle (arrowhead) in the animal hemisphere. Color scale
FIG. 7. Representative series of images of a vegetal pole (VP) view
he periphery of the egg. A and F are bright-field images of the egg
he raised chorion. B illustrates the resting level of luminescence p
gg, and D and E demonstrate the subsequent progression of the w
0 s of accumulated light. Color scale indicates luminescent flux
IG. 8. A representative example of a zebrafish egg with fluorescen
aken before and after activation, respectively. A shows no separat
he chorion is clearly raised (see arrowhead). B to D indicate c
icrospheres. The fluorescent image in B was taken before the addater, respectively. E shows the fluorescent images from B, C, and D supe
otate within its expanding chorion during the activation process. Scale
Copyright © 1999 by Academic Press. All rightzebrafish egg, thus connecting the restricted and convo-
luted interglobule space in the same way as it does in the
cortex. One also must consider other elements of the wave
propagation mechanism, such as the distribution of the
required calcium-release channels, when comparing periph-
eral domains of ER to deep domains (Gillot and Whitaker,
1993).
Activation Wave Velocity
Our method of analyzing activation wave velocities using
the Linescan function of Metamorph (see Materials and
Methods) result in “axial velocities”; i.e., it assumes that
the wave passes directly through the egg along the AP to the
VP axis. As discussed in the previous section, our imaging
data suggest that the propagating calcium wave passes
mainly through the cortex of the egg, i.e., a distance more
like the hemicircumference rather than the diameter of the
egg. Thus, we corrected our Linescan-derived axial velocity
values to reflect this, calling them “cortical velocities” (see
Fig. 6 and Table 1). This correction results in wave veloci-
ties of around 9 mm/s for eggs activated either in the
resence or in the absence of sperm, which is in the same
ange as the ionomycin-induced activation waves reported
reviously in zebrafish (Lee et al., 1996). These velocities
learly fall into the category of “fast” calcium activation
aves proposed by Jaffe (1993). Thus, zebrafish are another
pecies that displays a highly conserved calcium activation
ave velocity, perhaps suggesting a common mechanism of
ave propagation in both deuterostomes (Jaffe, 1991; Jaffe
nd Cre´ton, 1998) and protostomes (Eckberg and Miller,
995; Stricker, 1996).
Estimation of Peak Calcium Levels during Wave
Propagation
The aequorin-generated data from our PMT system indi-
cate that there is an approximate 10,000-fold difference in
eggs activated either in the absence (A and C) or in the presence (B
d B illustrate plots (every 5 s) of the total luminescent output for
igher temporal resolution (every 1 s), indicating an initial period
rows in A and B indicate the addition to the egg-injection chamber
30 s after the addition of concentrated sperm suspension (B). C9
ig. 3, indicating the initial low-intensity localized response around
ates luminescent flux in photons per pixel. Scale bar is 200 mm.
an activation wave indicating that the wave propagates mainly in
re and after activation, respectively. The arrowhead in F indicates
o activation. C indicates the activation wave at the equator of the
o the VP. The location of the egg equator is outlined. B to E show
otons per pixel. Scale bar is 200 mm.
crospheres loaded into its periphery. A and F are bright-field images
etween the chorion and the egg plasma membrane, whereas in F,
al images taken at an optical plane containing the fluorescent
of 0.5% fructose in egg-water and then C and D at 2.5 and 5 minded
. A an
at a h
ed ar
ater
in F
indic
of
befo
rior t
ave t
in ph
t mi
ion b
onfoc
itionrimposed on one another. This demonstrates that the egg does not
bar is 200 mm.
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178 Lee, Webb, and Millerluminescence at the peak of the activation response, com-
pared to the resting level before activation (see Fig. 6 and
Table 1). If we assume that the luminescence of f- and
-aequorin varies with the calcium concentration in vivo as
t does in vitro, i.e., to the second power (Shimomura, 1995),
his represents a 100-fold difference in the levels of cytoso-
ic free calcium. If we use a value of around 60 nM reported
y Cre´ton et al. (1998) for the resting level of cytosolic free
alcium in fertilized zebrafish eggs, then we obtain a peak
alcium rise of around 6 mM. Thus, our estimation of the
eak calcium rise during the activation wave in zebrafish is
-fold less than that estimated for medaka, i.e., around 30
mM (Gilkey et al., 1978), but very much in line with levels
reported for a variety of sea urchin species (see Table III in
Browne et al., 1996).
Activation Does Not Block Fertilization
One essential element in our proposal that zebrafish eggs
are activated by their spawning medium and then subse-
quently fertilized is that the prefertilization activation
response does not induce an electrically mediated block to
sperm–egg fusion. Is there any evidence for this? From
voltage-clamping experiments, Nuccitelli (1980) showed
that the membrane potential of the medaka egg shifts only
slightly on fertilization for a period of about 20 s. Further-
more, he reported that voltage clamping an egg’s membrane
potential between 280 and 148 mV did not prevent fertili-
zation. This observation is contrary to the fast electrically
mediated block to polyspermy that has been reported in a
number of invertebrate and vertebrate eggs (Miyazaki and
Hirai, 1979; Jaffe and Gould, 1985). Thus, fertilization in
medaka eggs is not inhibited by a rapid, positive membrane
potential at the plasma membrane. If a similar situation
exists in zebrafish, this would help to support our proposal
that after eggs have been activated by the spawning me-
dium, they can still be fertilized by a sperm when sperm are
present. Monospermy in zebrafish is guaranteed by a mor-
phological strategy (rather than an electrical strategy) in
which the spherical head of the fertilizing sperm is around
2.5–2.8 mm in diameter, while the inner aperture of the
icropylar canal is only slightly larger (Hart and Donovan,
983). Thus, since two spermatozoa cannot pass simulta-
eously through the inner micropylar aperture, the block to
olyspermy in zebrafish would appear to be relatively fast,
echanical, and mediated by the first sperm to reach the
gg surface (Hart, 1990).
Relationship between Calcium Wave and CG
Breakdown
There appear to be at least two distinctive patterns of CG
breakdown in teleost eggs. For example, in medaka (Gilkey
et al., 1978) and Fundulus (Brummett and Dumont, 1981),
he exocytosis of CGs begins at the AP, at or close to the
icropyle. It then propagates in a wave-like fashion over
he egg surface to the antipode at the VP. In the case of
w
m
Copyright © 1999 by Academic Press. All rightedaka, the wave of cortical CG fusion follows approxi-
ately 17 s after the propagating calcium wave (Yoshimoto
t al., 1986). However, a second pattern occurs in eggs of
ebrafish where CG exocytosis is not initiated at the AP
nd does not propagate from there in a wave-like fashion. In
his case, after a delay of about 30 s following activation,
he CG reaction is initiated randomly and more or less
imultaneously over the egg surface (Hart and Yu, 1980;
chalkoff and Hart, 1986).
The organization, arrangement, and size of CGs, how-
ver, also appear to be variable in the eggs of teleosts. In
edaka they are approximately 10–40 mm in diameter and
form a tightly packed monolayer in the cortical cytoplasm
(Gilkey et al., 1978). By contrast, the CGs of zebrafish tend
to be smaller (between 3 and 22 mm in diameter) and are
rranged in several irregular layers throughout most of the
ortex. Furthermore, the granules in these layers are orga-
ized in a gradient of progressively increasing size from the
P to the VP (Hart and Donovan, 1983). We suggest,
herefore, that the different relationship between the cal-
ium activation waves and the process of CG to plasma
embrane fusion in these two species may be related to
hese morphological differences in their CG arrangements.
he duration of the cytosolic calcium elevation resulting
rom the activation wave in zebrafish (some 7 min, see
able 1) does, however, correlate well with the time re-
uired to complete the CG reaction and elevate the chorion
i.e., around 6 min; Hart and Yu, 1980).
Possible Mechanism for Triggering the Activation
Wave
At the moment, we do not know the exact mechanism
through which the spawning medium triggers the activat-
ing calcium wave. However, it clearly does not involve any
sperm-derived factors as suggested for other systems
(Swann, 1993). Thus, the situation in zebrafish is quite
unlike that found for example in the mouse, where sperm–
egg fusion must occur before the calcium transient is
initiated and where intracellular transients are never ob-
served under any conditions in the absence of sperm–egg
fusion (Lawrence et al., 1997). In mouse, however, activa-
ion involves multiple calcium oscillations (Swann, 1994),
hereas in zebrafish it requires only a single propagating
ransient. Perhaps some sperm-derived factor is required for
aintaining multiple oscillations (Parrington et al., 1996;
wann and Lai, 1997).
Our data suggest (see Figs. 6C, 6C9, and 6D) that there is
slow localized build-up of intracellular calcium for a few
econds prior to the explosive propagating calcium wave.
e have already mentioned the extensive ER network
ocated at the micropyle (Hart, 1990), which we would
uggest is the store responsible for this initial calcium
elease that eventually triggers the wave. The fact that eggs
an be activated when bathed in calcium-free medium
ould appear to eliminate calcium itself as the diffusible
essenger entering the egg via the micropyle and stimulat-
s of reproduction in any form reserved.
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179A Single Calcium Wave Crosses Zebrafish Eggs on Activationing the intracellular calcium release (Cre´ton and Jaffe,
1995). This leaves the possibility of some transmembrane
receptor generating a calcium release agent as a reasonable
suggestion for a triggering mechanism. In the case of the
Mg21-activated shrimp egg, Lindsay et al. (1992) suggest
hat a Mg21-sensitive receptor linked to a G-protein-based
ignal transduction pathway generates inositol 1,4,5-
risphosphate (IP3), which in turn stimulates the initiation
nd propagation of the calcium wave. There is some evi-
ence supporting this idea, in that another external divalent
ation (i.e., cadmium) has been shown to increase intracel-
ular IP3 and Ca21 levels (Smith et al., 1989).
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